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Abstract: We have observed symmetrical sidebands in reflection from 
Bragg grating written in a silica suspended-core fiber, which are caused by 
longitudinal periodic refractive index modulation in the Ge-doped 
suspended-core fiber with a core diameter of ~1.3 µm. Our simulation 
shows that the effective refractive index of the guided mode varied by 
0.023% along the fiber with a period of ~650 µm. The periodic index 
variation can lead to amplitude modulation of fiber Bragg gratings, which 
can be studied by observing the spectra of a fiber Bragg grating written in 
the Ge-doped core. In addition, we have also characterized the temperature 
and strain responses of the fiber Bragg gratings, and showed that both 
responses in the suspended-core fiber are 20 to 25% lower than that of a 
fiber Bragg grating written on a conventional fiber. 
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1. Introduction 
Microstructured suspended-core optical fibers [1] have been extensively reported in recent 
years. They consist of a solid core surrounded by 3 to 6 large air-holes in the cladding. The 
resultant fiber can exhibit extremely high nonlinearity due to a combination of very small core 
and the core materials used, and high NA. Core materials such as lead silicate [2], tellurite [3], 
lead silica [4], bismuth [5] silica [6] glasses, and more recently silica with Ge-doped core [7] 
have been used. In these fibers, the overlap between the holes and the optical field can be 
enhanced, therefore one of the key interests of such fiber is for evanescent-field based sensing 
[8], [9]. Strain and temperature sensing based on suspended-core fiber have also been 
demonstrated [10]. Due to the high nonlinearity, efficient supercontinuum generation is 
another important application [11]. 
By doping a suspended-core fiber with germanium, the fiber nonlinearity is enhanced, at 
the same time this also enables fiber Bragg grating (FBG) to be photo-written in the core [12]. 
New optical phenomena can be expected in a FBG written on an ultra-small-core fiber. In this 
paper, we report for the first time, the observation of amplitude modulation (AM) effect in a 
FBG that is most likely caused by a longitudinal core diameter variation. The main Bragg 
peak and a pair of symmetric sidebands were observed in the FBG reflection spectrum. We 
simulated the spectrum, from which, we deduced the period and the amplitude of the effective 
index variation, which is caused by the small longitudinal periodic core-size variation. A 
period of ~650 µm was found. It is difficult to directly measure the index modulation along a 
suspended-core fiber using the scattered light method [13], [14], because the air-holes 
introduce additional scattering. By studying the FBG-spectrum, the periodic index fluctuation 
is estimated to be of less than 0.03% along the fiber. This can be caused by a core-size 
variation of less than 0.2%. 
The core-size variation is likely caused by an effect of several kHz in frequency, well 
beyond the bandwidth of the diameter feedback control loop. It may have its origin in 
instability of the drawing process at a mean pressure of 0.8 psi in the holes with feedback loop 
and at a drawing rate of ~155 m/min. 
Since the temperature and the strain characteristics are important to any FBG sensors, we 
also presented the results of the responsivity for the FBG written on the suspended-core fiber. 
Comparisons have been made with FBG written on conventional fibers, and we found the 
responsivity for the FBG in the suspended-core fiber were lower than that of the conventional 
fibers in both cases. One potential application of these FBGs in suspended core fibers is 
acoustic sensors with an improved bandwidth of response. 
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2. Experiment and result 
The suspended-core fiber used in the experiment has a core diameter of ~1.27 µm, NA~1 and 
fiber loss of ~78 dB/km [7]. The central ~60% of the core diameter is doped with graded 
index germanium with near parabolic profile. The outer diameter is 125 µm. The suspended-
core fiber was connected to high NA fibers (Nufern-UHNA4) at both ends via strong fusion 
splicing [15]. This ensured the air-holes were sealed, allowing enough loaded hydrogen to be 
retained in the core for sufficient time during the FBG inscription [12]. The spliced fibers 
were left in a hydrogen chamber with pressure of 2000 psi for one month at room 
temperature. It should be noted that due to the small core size and its proximity to the air 
holes, if the holes were not sealed, the hydrogen would diffused out completely within a few 
minutes through the air holes once it is taken out of the chamber. 
Figure 1 shows a schematic of the experimental setup of the FBG photo-written onto the 
hydrogen loaded Ge-doped suspended-core fiber with periodic diameter variation. A fiber 
Bragg grating with a length of 8 mm was inscribed onto the fiber. The general diameter of the 
core was found from the SEM cross-section image of the fiber, shown in the inset of Fig. 1. 
 
Fig. 1. A schematic of the experimental setup of the FBG photo-written onto the hydrogen 
loaded Ge-Doped suspended core fiber with periodic diameter variation. Inset: the SEM picture 
of the fiber’s core-cladding region. 
The FBG was photo-written by using the common technique of a phase mask in front of a 
fiber. A 248 nm KrF laser (BraggStar-200 from Tuilaser) with power of 12 mJ at 200 Hz was 
used for the inscription. The phase mask was made from Ibsen with pitch of 1110.3 nm, 
which produced a corresponding fiber grating with a period of 555.45 nm. A Hamming 
apodization profile was used for writing the grating. The profile was produced by controlling 
a linear-motor-stage (Newport XMS160) in ‘jogging’ mode to repeatedly scan the fiber 
grating region. Each scan took less than five seconds. In total, the grating was scanned six 
times, including three invert Hamming scans without using the phase mask. The purpose of 
the invert function scanning was to flatten the “DC” UV dose along the grating, and therefore, 
Bragg peaks with reduced noise were produced. After applying the apodization process, the 
side-lobes immediately adjacent to the Bragg peak reflection were suppressed to −18 dB. The 
reflection spectrum is shown in Fig. 2. 
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 Fig. 2. The suspended core fiber FBG reflection spectrum measured by an OSA. Inset: one of 
the observed spectra when the input polarization is changed using a pair of fiber optic 
polarizers. 
There were two Bragg peaks in the reflection spectrum, shown in Fig. 2. The two Bragg 
reflections were caused by the birefringence of the fiber, utilizing two polarization axes. An 
example of the reflection spectrum with different polarization of the input light is shown in 
the inset of Fig. 2. It shows that the relative amplitude of the Bragg peaks can be varied by 
varying the input polarization as expected. Very small fluctuations of the geometrical 
parameters in these small core fibers can also have a noticeable effect on the birefringence 
[16]. Fiber birefringence can derived from the wavelength separation of the FBGs for the two 
orthogonally polarized lights, giving a fiber birefringence of 0.0047, very close to the 
measured 0.0045 at 1020 nm [11]. In addition to the main Bragg peaks, there were also two 
symmetrical side peaks generated on each axis. The wavelength separation between the Bragg 
peak and the side peak was 1.245 nm. We have written a number of FBGs in this fiber 
showing similar sidebands. The same setup has also been used regularly in writing FBGs in 
other fibers. Such sidebands were never observed. The appearance of these symmetrical 
reflection sidebands was due to a periodic variation of the effective refractive index along the 
propagation axis of the fiber, most likely from a core diameter fluctuation. Since no higher 
order sidebands were observed, a sinusoidal modulation with a period of ~650 µm is expected 
from the sideband separation. Since we are confident that this is not from the writing setup, 
we suspect this is caused by the suspended core fiber. The air holes near the core may cause 
reflection of writing beams. For these spurious reflected beams to have any effect, multiple 
reflections are required. Even with the high index contrast of the glass-air interface, these 
reflected beams is expected to be at least four orders of magnitudes below the main beam 
after two reflections on defocusing cylindrical surface of the air holes. It is not expected to be 
any concern. Any fluctuations in the glass can also be ruled out, because this would imply a 
very unlikely high spatial variation in the preform (the germanium-doped preform is from J-
Fiber, a well known commercial supplier). Since the fibers were drawn at speed exceeding 
#127204 - $15.00 USD Received 19 Apr 2010; revised 22 May 2010; accepted 15 Jun 2010; published 30 Jul 2010
(C) 2010 OSA 2 August 2010 / Vol. 18,  No. 16 / OPTICS EXPRESS  17376
100 m/min, such fluctuations can only by caused by effect at over 1 KHz. The frequency of 
the fluctuations is much higher than most drawing-related process. The air holes are 
pressurized during the draw. It is possible that an instability in the air-pressure control in the 
small holes may lead to air hole size fluctuations. To prove the index modulation hypothesis, 
we simulated the spectral response, and the result is presented in the next section. 
3. Simulation and discussions 
For comparison, we simulated the spectra for a conventional fiber with a constant effective 
index and for the suspended-core fiber with a periodic varying effective index profile by using 
the well known transfer matrix given in [17]. The transfer matrix is used in conventional 
grating simulation to model a non-uniform reflection grating. The “DC” effective refractive 
index profiles we used for our simulation are shown in Fig. 3(i). The reference apodization 
profile is shown in Fig. 3(ii). Here, we only simulated the spectra at the wavelength region at 
the slow axis. The effective index was estimated using the following expression: 
 2 ,B effnλ = Λ  (1) 
where λB is the Bragg wavelength, neff is the average effective refractive index of the grating 
and Λ is the grating period. A constant effective index of 1.3120 was calculated using Eq. (1) 
and was used in the simulations for the conventional fiber. It should be noted that the effective 
index is much lower than that of the silica glass, indicating that a large part of the light 
propagates in the air. 
The relationship between the wavelength separation of the symmetrical side peaks and the 
fluctuation period is given by the following Fabry–Pérot interference equation in FBG: 
 
2
2
B
effn P
λ
λ∆ =  (2) 
where P is the period of the “DC” refractive index modulation and ∆λ is the wavelength 
separation between the Bragg peak and the side peaks. From the experimental spectrum, ∆λ = 
1.245 nm and λB = 1456.9 nm, therefore from Eq. (2), P~650 µm. A sinusoidal refractive 
index profile with period of 650 µm and the effective index of 1.3120 ± 0.0003 was used in 
the simulations for the suspended-core fiber. The simulated results are shown in Fig. 3(iii). 
The simulated reflection spectrum for the suspended-core fiber agreed very well with that of 
the experiment, see Fig. 3(iv). 
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 Fig. 3. Simulated spectra of (a) a FBG written on a conventional single-mode fiber with 
constant effective index along the fiber length, and (b) the suspended core fiber with a periodic 
effective index profile. (i) Shows the effective index profile of the two fibers. (ii) The 
apodization profile used for both fibers. (iii) The simulated spectra of the slow axis. (iv) The 
reflection spectra observed in the experiment with the same setup. 
As discussed above, the most likely caused of the index variation was by a periodic core 
or structure size variation. Therefore, we investigated the amount of size variation of the 
diameter along the fiber. First, we matched the amplitude of the peaks of the simulated and 
experimental spectra to obtain the refractive index variation, ∆neff, assuming the core diameter 
is sinusoidally modulated along the entire grating length. Here, the amplitude difference 
between the main Bragg peak and the side peaks was ~13 dB, correspond to ∆neff of ± 0.0003 
that was used in the simulation, see Fig. 3(b,i). Next, we simulated the fiber with the newly 
found ∆neff by a finite-element-method using Comsol FEMLAB to find the amount of 
variation of the core diameter. The outline of the fiber structure was taken directly from the 
SEM image. The simulated structure consisted of a core doped with germanium in the center 
with diameter of 60% of the effective core diameter. Since the exact dopant profile was 
unknown, a step index profile with a step of 0.025 was used in the simulation. A grid of 
30019, 0.036 µm triangular mesh elements was used in the simulation. Figure 4 shows the 
changes in effective index as the whole structure was scaled in size. We found that if the core-
diameter varied ± 0.16% ( ± 2 nm), the corresponding effective index ∆n varied ± 0.023% ( ± 
0.0003). 
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 Fig. 4. A graph to show the change in effective index as the whole structure was scaled in size. 
We have demonstrated that the AM effect from a nano-scale core-size variation of a 
suspended-core fiber can be observed in the FBG reflection spectrum. Symmetric sidebands 
were generated with extremely small variation in core diameter. The wavelength separation 
between the Bragg peak and the side peaks determines the period of the index, or hence the 
corresponding period of the core-size fluctuation along the fiber. The magnitude of the index 
or core diameter variation is proportional to the amplitude of the side peaks relative to the 
Bragg peak. Figure 5 shows that as the suppression ratio between the peaks increases, the 
magnitude of the index variation decreases. 
 
Fig. 5. A graph to show the amplitude difference between the Bragg and side peaks. 
The effect was not observed previously in conventional or other microsturctured fibers. 
The drawing instability at the origin of the effect may need a combination of large air holes 
next to the core, thin webs and small core. Further study is required for a better understanding 
of the effect. 
4. Temperature and Strain response of the FBG 
In this section, we investigate the temperature and strain characteristics of the FBG written on 
the suspended-core fiber. A 10 mm long U-shape heater was used to heat up the 8 mm long 
FBG. The reflection spectra were recorded for every 10 °C from 20 °C to 130 °C. The 
responses were similar for both axes, the resultant spectra for the slow axis are shown in  
Fig. 6(a), and the wavelengths for the three peaks at different temperature are shown in  
Fig. 6(b). Figure 6 shows that the peaks shift to longer wavelengths as the temperature 
increases, with the thermal responsivity of ~7.2 pm °C−1 at 1457 nm with constant strain. The 
relationship between the thermal responsivity and Bragg wavelength of a FBG in a 
conventional fiber is given as [18]: 
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 6 11 6.67 10 C ,oB
B T
δλ
λ δ
− −
= ×  (3) 
where δLB is the wavelength shift, δT is the change in temperature and λB is the Bragg 
wavelength. From Eq. (3), the thermal responsivity of a FBG in a conventional fiber is 
calculated to be ~9.72 pm °C−1 at 1457 nm. In comparison, the thermal responsivity of the 
FBG written on the suspended-core fiber was ~25% lower than that of the FBG in a 
conventional fiber. The lower response is expected because the suspended-core fiber is a 
heterogeneous structure, in which the field spreads in both silica and air (the index remains 
quasi constant with temperature). Therefore, the effective index of the guided mode in this 
fiber is less sensitive to changes in the temperature than the effective index of the 
corresponding mode in a standard fiber. 
 
Fig. 6. (a) The FBG reflection spectra of the suspended core fiber at different temperature at 
the slow axis. (b) The maxima of the three peaks at different temperature. 
The strain responses of the FBGs written on a conventional fiber and the suspended core 
fiber were characterized by the suspended weight method [19]. The same phase mask was 
used to produce the FBG in both fibers; therefore the Bragg reflections appeared at different 
wavelengths. Figure 7 shows the strain responsivity of the two cases. It is shown with the 
scale in weight directly in unit of grams instead of mirco-strain (µε) that is used 
conventionally. Figure 7 shows that the peaks shift to longer wavelengths as the strain 
increases. The strain responsivity of the suspended-core FBG was ~9.9 pm g−1 at 1457 nm 
with constant temperature. The conversion from weight to micro-strain was given for 
conventional fiber that has solid core and cladding, however, for fiber with air-holes cladding, 
it is more difficult to do the conversion accurately. Nevertheless, a comparison between the 
conventional case and the suspended-core case is still possible by using the following 
conventional relations of the strain responsivity and the Bragg wavelength [18]: 
 
6 11 0.78 10 ,B
B
δλ
µε
λ δε
− −
= ×  (4) 
where δε is the change in the applied strain. The strain responsivity of a FBG in a 
conventional fiber is ~1.14 pm µε−1 at 1457 nm, taking 1 g = 11.07 µε [19], the strain 
responsivity is ~12.6 pm g−1 at 1457 nm. In comparison, the strain responsivity of the FBG 
written on the suspended-core fiber is ~20% lower than that of the FBG in a conventional 
fiber. Again, this may due to the small core isolated by a high air-fill cladding and held by 
very thin silica bridges to connect to a thick silica outer wall. 
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 Fig. 7. The strain response of the FBG written on the suspended-core fiber and a conventional 
fiber using the same phase mask. Note the difference in the Bragg wavelength and the strain 
scale is presented in weight. 
By rewriting Eq. (4), we get: 
 0.78 ,B
B
w
AE
δλ
λ
=  (5) 
where w is the weight, A is the cross-sectional area of the fiber and E is the Young’s modulus. 
The cross-sectional area of the suspended-core fiber is smaller than that of a conventional 
fiber. Equation (5) shows that if A decreases, δλB/δw would increase. The measured smaller 
slope indicates that the thin webs are able to transfer about 77% of the stress to the small core. 
5. Conclusions 
We have reported for the first time, the observation of the amplitude modulation effect in a 
fiber Bragg grating written on a suspended core fiber. The effect was caused by a periodic 
effective index fluctuation. The period and the magnitude of the fluctuation can be determined 
by studying the separation and the amplitude difference of the main peak and the side peaks in 
the reflection spectrum respectively. 
The temperature and the strain responses of the FBG have been characterized. It was 
found that the responsivities for the suspended-core FBG were lower than that of the 
conventional FBG. 
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